The theory of flow through fractured rock and homogeneous anisotropic porous media is used to determine when a fractured rock behaves as a continuum. A fractured rock can be said to behave like an equivalent porous medium when (1) there is an insignificant change in the value of the equivalent permeability with a small addition or subtraction to the test volume and (2) an equivalent permeability tensor exists which predicts the correct flux when the direction of a constant gradient is changed. Field studies of fracture geometry are reviewed and a realistic, two-dimensional fracture system model is developed. The shape, size, orientation, and location of fractures in an impermeable matrix are random variables in the model. These variables are randomly distributed according to field data currently available in the literature. The fracture system models are subjected to simulated flow tests. The results of the flow tests are plotted as permeability 'ellipses.' The size and shape of these permeability ellipses show that fractured rock does not always behave as a homogeneous, anisotropic porous medium with a symmetric permeability tensor. Fracture systems behave more like porous media when (1) fracture density is increased, (2) apertures are constant rather than distributed, (3) orientations are distributed rather than constant, and (4) larger sample sizes are tested. Preliminary results indicate the use of this new tool, when perfected, will greatly enhance our ability to analyze field data on fractured rock systems. The tool can be used to distinguish between fractured systems which can be treated as porous media and fractured systems which must be treated as a collection of discrete fracture flow paths.
INTRODUCTION
One of the important questions that arises when considering the flow of fluids through a discontinuous rock mass is whether or not the fracture network behaves like a porous medium. In other words, can one model the system by an equivalent permeability tensor and proceed to determine the movement of fluids under the application of known boundary and initial conditions?
Work that has been done to determine the equivalent permeability of fractured rocks from information on fracture geometry (assuming an impermeable matrix) can be classified into two categories. Most of the work that has been done falls into the first category where fractures are assumed to be of infinite extent (continuous or extensive fractures). Very little work has been done in the second category, taking into account the finite or nonextensive nature of fracture size.
Mathematical studies of extensive fracture systems were made by Snow [1965] . Snow developed a mathematical expression for the permeability tensor of a single extensive fracture of arbitrary orientation and aperture relative to a fixed coordinate system. He then showed that the permeability tensor for a network of such fractures is formed by adding the respective components of the permeability tensors for each individual fracture.
It can be seen in the field that fractures are clearly of finite dimensions. The fact that fractures are finite means that each fracture can contribute to the permeability of the rock only insofar as it intersects other conducting fractures. In the extreme, an isolated fracture which does not intersect any other fracture effectively contributes nothing to the permeability of the total rock mass. This means that flow in any given fracture is not independent of flow in every other fracture. Thus the permeability of a network of fractures is not simply the sum of the permeabilities of each fracture. This paper is not subject to U.S. copyright. Published in 1982 by the American Geophysical Union.
Paper number 2W0254. 645 Two approaches have been taken to account for the finite nature of real fractures. Parsons [1966] and Caldwell [1971, 1972] have used analogue models to study finite fractures. Rocha and Franciss [ 1977] have proposed a field method for finding a correction factor to Snow's [1965] analysis. Rocha and Franciss's method is empirical and thus does not account for the hydraulic properties of fractures or for fracture geometry.
A significant result of Parson's work was that doubling the permeability ,of all fracture elements in the x direction was found to increase the permeability in the y direction. This effect would not be seen in extensive fractures, but with finite fractures the net flow in the y direction must proceed through some fractures oriented in the x direction. Also, for a similar reason, permeability in the x direction was less than doubled. This is a significant property of fracture systems.
In all, very little work has been done to quantify the effect of finite fracture length in combination with other geometric factor such as aperture distribution, fracture location, orientation, and density.
HOMOGENEOUS ANISOTROPIC PERMEABILITY
To determine when a fractured medium behaves as a homogeneous, anisotropic medium, the theory and measurement of homogeneous, anisotropic permeability are briefly reviewed here. The theroy of anisotropic media provides a hydraulic criterion for porous mediumlike behavior. The theory of homogeneity provides statistical and scale effect criteria.
Darcy's law was originally postulated for one-dimensional flow. Since directional properties have no impact on onedimensional flow, permeability was represented as a single scalar quantity. For three dimensions and an anisotropic medium, Ferrandon [1948] , Collins [1961] , and others have proposed that og 04
Oi = ---ko'--i= 1,2,3 j= 1,2,3 [1976] have all tried to derive Darcy's law from first principles. These authors start with the Navier-Stokes equations as applied to the details of flow. Then some form of averaging is applied under a set of assumptions about the nature of the flow regimes. The result is an expression relating the averge gradient to the average flux, i.e., Darcy's law.
The major assumption in each of these analyses is the nature of the relationship between local and average velocities. However, in a random porous medium this relationship can ony be invariant for kinematically similar, steady flow regimes. A flow regime is kinematically similar to another when the magnitude of the velocity in one is a simple multiple of the magnitude of the velocity in the other. The direction of velocity is everywhere the same in kinematically similar regimes. To prove Darcy's law, the full details of the flow system under any arbitary set of boundary conditions must be known. In a general random medium this cannot be done. Therefore the only way to show a given random medium has a symmetric permeability tensor is to actually measure the directional permeability. If the measured directional permeability plots as an ellipsoid as described below, then the medium has a symmetric permeability tensor. 
HOMOGENEITY
Another basic problem is that of establishing homogeneity. Homogeneity has been discussed by Hubbert [1956 The difficulty in identifying equivalent permeability is that (1) the equivalent permeability tensor that works for one set of boundary conditions may not necessarily predict the correct flux for another set of boundary conditions, and (2) an equivalent permeability which is correct in terms of flux may not predict the correct average head distribution. The first difficulty arises because, in general, dillbrent boundary conditions induce different gradients in different parts of the flow field. The permebility is one part of the field which has a higher gradient will have more effect on the total flux than the permeability in another part of the field which has a lower gradient. When the boundary conditions change, the emphasis changes. Therefore a given equivalent permeability tensor will only apply absolutely to kinematically similar flow systems.
If the gradient within the internally heterogeneous REV remains approximately constant, each part of the element will have equal emphasis, and it may be possible to define a unique equivalent permeability tensor which will be correct for linear average flow in any direction. However, if the isopotentials and flow lines are curved relative to the dimensions of the statistically determined REV, then the value of the equivalent permeability of the REV will depend on the particular kinematics of the flow system. In this case, analysis of the flow system would depend on the knowledge of the equivalent permeability, and the value of the equivalent permeability would depend on the flow system. So a unique solution to the flow problem is not guaranteed. Suppose, however, that the gradient is constant and the average flow lines are linear within the statistically determined REV. In this case there may exist a single permeability tensor which can be used to predict correctly flow in any direction. However, even under the constraints of a constant gradient, there is still no guarantee that a unique, symmetric permeability tensor will exist for every medium on any scale.
Given a flow system such as seepage under a dam, the size of the appropriate REV must be small enough to have approximately a constant gradient throughout and therefore linear average flow lines. However, it must also be large enough to contain a representative sample of the heterogeneities. In some cases, it may be that a statistically defined REV is too large to have linear average flow lines. In this case, either a smaller REV must be found as the basis for analysis or a noncontinuum analysis must be used. The size of the relevant REV depends both on the flow system and the medium.
The above discussion leads to several conclusions central to this investigation. First, it only makes sense to look for REV's in fractured rocks using flow systems which would produce a constant gradient and linear flow lines in a truly homogeneous, anisotropic medium. Boundary conditions which produce such a flow system will be described below. Second, the following criteria must be met in order to replace a heterogeneous system of given dimensions with an equivalent homogeneous system for the purposes of analysis:
1. There is an insignificant change in the value of the equivalent permeability with a small addition or subtraction to the test volume.
2. An equivalent symmetric permeability tensor exists which predicts the correct flux when the direction of gradient in a REV is changed.
Point 1 when each fracture is described in terms of (1) hydraulic or effective aperture, (2) orientation, (3) location, and (4) 
NUMERICAL METHOD OF ANALYSIS
A numerical code has been developed to generate sample fracture systems in two dimensions using the geometric properties described above and to determine the permeability of such systems. The computer program has been used to study samples of both extensive and nonextensive fracture 
where A is the gross area perpendicular to flow. The analysis of permeability is independent of the type of fracture model generated. This generator produces models similar to Baecher and Lanney's [1978] , but another fracture model, such as that proposed by Veneziano [1979] , could just as easily have been used. The effect of sample size on conductivity measurement can be studied with this program. First, a large fracture pattern is generated. A small piece of this sample can be numerically isolated and subjected to the numerical conductivity test described above (equation (12)). Succeedingly larger pieces can be tested and the results compared.
The program can also be used to study the variation in conductivity between different realizations of a statistically described fracture system. This Monte Carlo type analysis could also be used to analyze statistical data collected in the field. An expected value and standard deviation of equivalent porous media conductivity could be obtained in this way. 
MESH GENERATION
Two-dimensional fracture patterns are produced according to currently available descriptions of real fracture systems. Sets of fractures are assumed to be independent, and individual fractures are randomly located in space. Length distributions are assumed to be log normal or exponential, and apertures are assumed to be log normally distributed. Orientation is normally distributed.
A particular sample fracture pattern is randomly generated in a rectangular or square area (generation region) of any given dimension. A general description of this process follows. Each set of fractures is generated independently. Then the individual sets are superimposed (Figure 3) . The location of each fracture in a set is found by assuming that the center of the fractures are randomly distributed (Poisson distribution) within the generation region (Figure 3a) . For each set a density (number of fractures per unit area) must be supplied to determine the total number of fracture centers to be generated. The orientation of each fracture in a set is determined next (Figure 3b) . Orientation of fractures in a set has been assumed to be normally distributed. Therefore the mean and variance for orientation must be supplied for each set. At this point the equation of the line on which the fracture lies is identified. The length of each fracture is chosen next (Figure 3c) . Fracture length within a set is assumed to be distributed log normally or exponentially. The mean and variance for length in the case of a log normal distribution, or the parameter X, in the case of the exponential distribution, must be supplied for each set. The second example is a nonextensive fracture system that was developed randomly using the mesh generation scheme described above. Table 1 To determine what variations might be expected from a repetitive generation of networks having the same parameters listed in Table 1 , three different fracture systems were examined. Flow regions 75 x 75 cm oriented with a = 0 ø were investigated in each network. The three regions had network characteristics, as given in Table 2 .
Boundary conditions were applied to these three flow regions such that conductivity in the same direction could be measured. That is, sides 1 and 3 were given a linearly varying head distribution, side 2 had a constant head of 1, side 4 had a constant head of zero (see Figure 4) . Table 3 gives the total fluxes from each side for each flow region. A positive sign indicates flow into the region, and a negative sign indicates flow out of the region.
Examination of Table 3 leads to several conclusions. First, there is a great deal of variation between the three networks generated using the same statistical fracture population. As shown in Table 2 , the number of fractures in each flow region varies. Thus some of the variation in flow rate is due to nonergotic sampling. Recall that under the boundary conditions used, for an ideal porous medium the flux in the x direction, i.e., from side 2 to side 4, is numerically equal to the conductivity. However, examination of Table 3 To illustrate this effect, a system of fractures was chosen with the following properties: The system consisted of two perpendicular sets of fractures all with the same aperture and length. The orientation distribution for each set was the same. The fracture system generated is shown in Figures 1 la  and 12a . Theoretically, two orthogonal sets with equal characteristics should have a roughly circular permeability plot. Random variations from the circle can only be due to insufficient density of fractures or insufficient sample size. No equivalent homogeneous porous medium permeability will exist for fractured rock populations when the size of REV exceeds the volume of rock that exists or possibly when the fractures are not dense enough to behave as a medium with a symmetric permeability tensor on any scale. In the case of a low density system, the volume of fractured rock may be large enough to be a good statistical sample of the fracture population, but the density of the fractures is such that they will not behave as a porous medium on any scale.
Geometric parameters favoring equivalent porous medium behavior include high density of fractures and nonuniform orientation distribution. A nonuniform aperture distribution detracts from equivalent porous media behavior. The size of an REV may have to be large compared to the fracture lengths in order to provide a good statistical sample of the fracture population.
The techniques described here will be used to direct the emphasis of field testing programs designed to obtain fracture geometry data. Such field tests are currently under development [Doe and Rerner, 1981 ]. The numerical model will provide information on the sensitivity of permeability to the individual geometric parameters. In this way, appropriate field tests can be identified.
As these field tests are perfected, it will become attractive to extend this model to three dimensions. A three-dimensional model will allow geometric field data to be interpreted in terms of complete permeability tensors. total hydraulic head, L. density of fractures (number of fractures per unit area) or exponential distribution parameter.
